Antiretroviral therapy (ART) can halt HIV-1 replication but fails to target the long-lived latent viral reservoir. Several pharmacological compounds have been evaluated for their ability to reverse HIV-1 latency, but none has demonstrably reduced the latent HIV-1 reservoir or affected viral rebound after the interruption of ART. We evaluated orally administered selective Toll-like receptor 7 (TLR7) agonists GS-986 and GS-9620 for their ability to induce transient viremia in rhesus macaques infected with simian immunodeficiency virus (SIV) and treated with suppressive ART. In an initial dose-escalation study, and a subsequent dose-optimization study, we found that TLR7 agonists activated multiple innate and adaptive immune cell populations in addition to inducing expression of SIV RNA. We also observed TLR7 agonist-induced reductions in SIV DNA and measured inducible virus from treated animals in ex vivo cell cultures. In a second study, after stopping ART, two of nine treated animals remained aviremic for more than 2 years, even after in vivo CD8 + T cell depletion. Moreover, adoptive transfer of cells from aviremic animals could not induce de novo infection in naïve recipient macaques. These findings suggest that TLR7 agonists may facilitate reduction of the viral reservoir in a subset of SIV-infected rhesus macaques.
INTRODUCTION
The HIV-1 latent reservoir persists despite long-term antiretroviral therapy (ART) (1, 2) , necessitating the development of new strategies for viral eradication (3, 4) . Latency reversal agents (LRAs) have been evaluated as a potential means to reduce the HIV-1 reservoir (4, 5) . Early clinical studies of LRAs have provided evidence of modest HIV-1 activation (6-9) but have failed to reduce the viral reservoir (9) (10) (11) (12) (13) (14) . First-generation LRAs, such as histone deacetylase (HDAC) inhibitors, may also harbor immunosuppressive properties that may not be compatible in combination with some immune-enhancing therapeutic strategies aimed at HIV-1 eradication (15, 16) . Collectively, these studies underscore the need for the continued development of new, safe, and efficacious LRAs.
Here, we sought to evaluate potent, selective, and orally delivered small-molecule agonists of Toll-like receptor 7 (TLR7) that induce potent immune responses and thus may affect the HIV-1 reservoir. Vesatolimod (GS-9620) is a TLR7 agonist that has demonstrated antiviral activity in animal models of hepatitis B virus and has already progressed to advanced clinical testing (17) (18) (19) . The GS-9620 analog GS-986 has been used as an investigational tool compound and has a similar pharmacological profile to GS-9620.
RESULTS
To assess the therapeutic potential of TLR7 agonists in vivo, we selected 21 Indian-origin rhesus macaques that did not express the major histocompatibility complex (MHC) class I alleles Mamu-A*01, Mamu-B*08, or Mamu-B*17, which are associated with enhanced control of simian immunodeficiency virus (SIV) replication (20) . All rhesus macaques were infected intrarectally with the SIVmac251 isolate using a repeated low-dose mucosal challenge protocol as described (21) . Once infection was confirmed, all animals began a highly potent ART regimen of tenofovir (TFV), emtricitabine (FTC), and dolutegravir (DTG) as a daily subcutaneous injection at day 65 after infection, as described (22) . Plasma SIV RNA was assessed longitudinally throughout the study. On ART, plasma SIV RNA in all rhesus macaques declined rapidly and remained undetectable (SIV RNA at <50 copies/ml of blood; fig. S1A ). After about 400 days of ART suppression, animals were divided into two study cohorts and then into separate treatment and control arms for each study ( fig. S2) .
At study assignment, before the initiation of TLR7 agonist dosing, there were no significant differences in the area under the curve (AUC) viral burden (range, log 8.0 to 9.3), median plasma SIV pre-ART (range, log 4.5 to 6.6 RNA copies/ml), time to viral suppression (range, 14 to 103 days), or CD4 + and CD8 + T cell numbers (CD4 + T cells per microliter of blood, 256 to 1486 versus 557 to 1316; CD8 + T cells per microliter of blood, 552 to 1048 versus 309 to 1283, respectively) between groups (fig. S1B).
Our first study (Study 1) used 10 SIV-infected rhesus macaques that had been on ART for more than 437 days before TLR7 agonist dosing. GS-986 was dose-escalated in 4 of 10 macaques with administration every other week by oral gavage, whereas the remaining 6 macaques served as controls. The initial dose of GS-986 was 0.1 mg/kg followed by a dose at 0.2 mg/kg and then five doses at 0.3 mg/kg ( fig. S2A ).
We longitudinally monitored several immunologic and virologic parameters before, during, and after GS-986 dosing. The activation of major lymphocyte subsets in the peripheral blood after each dose of GS-986 was measured by surface expression of CD69. All cell types evaluated [CD4 + T cells, CD8 + T cells, B cells, and natural killer (NK) cells] were transiently activated within 24 to 48 hours after GS-986 treatment and returned to baseline before the next dose (Fig. 1A) .
However, CD8
+ T cells and NK cells showed the greatest change in percentage activation after GS-986 administration. With the exception of B cells, cellular activation was dose-dependent and plateaued during repeated dosing at 0.3 mg/kg (doses 4 to 7). The percentage of CD4 + T cells that were activated after GS-986 treatment was 1 to 2% of the population, whereas 20 to 25% of NK cells and CD8 + T cells became activated after GS-986 treatment. As expected, for the selected GS-986 doses, plasma interferon- (IFN-) was detected after GS-986 administration and was dose-dependent ( fig. S3A ).
We next assessed the impact of GS-986 dosing on plasma viremia in rhesus macaques on suppressive ART. The first three doses of GS-986 administered to the four SIV-infected ART-suppressed macaques had no effect on plasma viremia. However, further administration induced transient SIV plasma RNA in all macaques (Fig. 1B) . We detected plasma SIV RNA blips in two animals after the fourth dose, and during doses 5 to 7, all rhesus macaques displayed a moderate level of transient viremia (500 to 1000 SIV RNA copies/ml). Plasma viremia peaked 24 to 48 hours after GS-986 exposure and returned to baseline suppression (<50 SIV RNA copies/ml) within 4 to 7 days after GS-986 dosing (Fig. 1B) . All vehicle-treated control rhesus macaques remained aviremic throughout the study.
To assess the nature of the SIV plasma blips elicited by GS-986, we performed single-genome sequencing of viral RNA isolated from the blood plasma (during blips) and proviral DNA from peripheral blood mononuclear cells (PBMCs), gastrointestinal mucosa mononuclear cells (GMMCs), and lymph node mononuclear cells (LNMCs), as described (23) .
The sequence of SIV group-specific antigen (gag) and SIV envelope (env) coding regions isolated during the GS-986-induced plasma blips shared phylogenetic identity to the low-diversity, monophyletic sequences prevailing in PBMCs, GMMCs, and LNMCs, suggesting that the released virus arose from a reservoir pool established very early after infection ( fig. S4A) . Moreover, some of the proviral sequences analyzed from blood and tissues isolated from treated and control animals were found to be more diverse than the plasma blip sequences. These proviral sequences were generally phylogenetically distinct from the GS-986-induced plasma viral RNA sequences. Specifically, SIV DNA sequences were found to harbor hypermutated defective proviral sequences, implying that the GS-986-induced SIV RNA possibly arose from replication-competent provirus ( fig. S4, A and B) .
To determine whether the env genes of the GS-986-induced plasma viruses were infectious, we produced SIV pseudovirion stocks encoding all 11 full-length env sequences cloned from GS-986-induced plasma virus blips (n = 4) and from env sequences isolated from cell-associated proviral DNA (n = 7). We then generated SIV-env pseudoviruses that were evaluated using a TZM-bl-based infectivity assay. We found that three of four plasma virus blipderived SIV env constructs were infectious at levels comparable to wildtype SIVmac251 env. Only one env gene cloned from the plasma virus blip RNA was noninfectious. All seven env sequences cloned from proviral DNA were markedly hypermutated and thus failed to mediate infection in this assay ( fig. S5 ).
To further assess the impact of the GS-986 regimen on the viral reservoir, we evaluated SIV DNA in sorted CD4 + T cell populations isolated from PBMC, GMMC, and LNMC samples before the first exposure (pre-TLR7) and 1 week after the last dose of GS-986 (post-TLR7). Specifically, CD4 + T cell subpopulations were sorted into naïve (T N ), central memory (T CM ), transitional memory (T TM ), and effector memory (T EM ) T cells. The T cell memory populations were then pooled for SIV DNA measurements. In GS-986-treated rhesus macaques, an average reduction of 75% was observed in SIV DNA (Fig. 2) . SIV DNA remained largely unchanged in the vehicle-treated control rhesus macaques. SIV DNA in the CD4 + memory T cell populations had declined in LNMCs from all four GS-986-treated rhesus macaques and from three of four macaques in PBMCs. GS-986 treatment reduced SIV DNA in the GMMC-derived CD4 + T cells in all four treated animals to undetectable levels ( fig. S6 ).
Two weeks after the final GS-986 dose, ART was discontinued to determine whether GS-986-associated plasma viral blips and reduction in viral DNA would alter SIV rebound kinetics. Rebound viremia occurred in all animals within 7 to 10 days after stopping ART (Fig. 3) . We analyzed the kinetics of SIV RNA rebound in the plasma from all 10 rhesus macaques through day 84 after stopping ART but did not observe any difference in the time to SIV rebound between GS-986-or vehicle-treated control animals (Fig. 3 ). We next assessed viral peak (weeks 2 to 3), set point (weeks 7 to 8), and total viral burden for each macaque by calculating the AUC of SIV RNA between days 1 and 56 after ART cessation. Analyses of all three parameters showed reduced plasma SIV RNA in GS-986-treated animals relative to those of controls; however, the differences were not significant (peak, P = 0.476; set point, P = 0.171; and AUC, P = 0.476; fig.  S7A ). We then repeated all statistical tests without the single control animal with unusually low viremia. The differences in both viral peak and AUC between treated and control rhesus macaques reached statistical significance (P = 0.008 and P = 0.02, respectively). The same statistical tests were also conducted, adding nine additional historic control animals that received the same SIV stock, dose, and route, and had also initiated ART at day 65 after infection ( fig. S7B ). Viral kinetics after ART cessation in these additional control rhesus macaques did not show a difference in rebound compared to five of the six control animals from study 1. Viral peak and set point analyses found a significant median reduction of SIV RNA in GS-986-treated rhesus macaques compared to controls (P = 0.03 and P = 0.04, respectively). The difference in AUC between treated and control rhesus macaques also was statistically significant (P = 0.01; fig. S7C ). This reduction in median set point viremia in GS-986-treated rhesus macaques persisted for the entire 84-day monitoring period after ART cessation. In study 2, we compared the drug analog GS-986 to the clinical TLR7 agonist molecule GS-9620 for the ability to induce transient viremia and reduce the SIV reservoir. We also evaluated two clinically relevant translational end points. The first end point was to determine whether dose reductions were effective in limiting peripheral IFN- that, if too high, often results in clinical participants experiencing "flu-like" symptoms. The second end point was to assess the tolerability and efficacy of an increased number of TLR7 agonist doses. Eleven SIV-infected ART-suppressed rhesus macaques were divided into four groups based on viral load pre-ART, time to viral suppression after ART initiation, and CD4 + , CD8 + , and CD4 + /CD8 + T cell ratios ( fig. S1B ). Group 1 served as placebo controls (n = 2) and received formulation vehicle only. Group 2 (n = 3) received GS-986 (0.1 mg/kg), and groups 3 and 4 (n = 3 per group) received lower (0.05 mg/kg) or moderate (0.15 mg/kg) doses of GS-9620 ( fig. S2B ). All animals received 10 doses of either GS-986 or GS-9620 every other week, followed by a rest period of 3 months while maintained on ART. After the treatment pause, we resumed dosing in all groups (with the exception of group 4) for an additional nine doses at the same dose concentration and frequency.
We monitored the same virologic and immunologic end points as in study 1. In study 2, the reduced doses of GS-986 and GS-9620 had similar effects in regard to the activation of NK, T, and B cells. However, we observed that GS-986 at the doses of 0.1 mg/kg activated a greater proportion of NK and T cell populations when compared to the GS-9620 concentration of 0.15 mg/kg.
At the TLR7 agonist doses used, we found that the activation of peripheral blood T cells in the TLR7 agonist-treated rhesus macaques was primarily in the effector memory subpopulation ( (Fig. 4) . Similarly, specific subpopulations of NK cells . Log 10 SIV RNA copies/ml in plasma was assessed in SIV-infected rhesus macaques for days 1 to 84 after ART cessation. Median log 10 SIV RNA copies/ml for GS-986-treated (blue) and control vehicle-treated (red) animals is shown relative to the value on the day that ART was stopped (day 0). Consistent with the results observed in study 1, we found that the repeat dosing of GS-986 or GS-9620 induced transient viremia in all treated rhesus macaques (doses 3 to 10) and that viral reactivation was detectable from the 3rd to 10th dose (Fig. 5) . However, in the second study using lower doses of the TLR7 agonists, the plasma viral blip frequency was reduced and variable. In each monkey, we analyzed the total amount of SIV RNA released in the plasma within 72 hours after each TLR7 agonist dose by calculating the AUC. Total plasma SIV RNA (in both studies) peaked after the fifth TLR7 agonist dose and declined thereafter ( fig. S9 ). After 10 doses of GS-986 and GS-9620, all rhesus macaques underwent a 3-month pause without TLR7 agonist dosing. We then resumed vehicle, GS-986, or GS-9620 (0.05 mg/kg) dosing for an additional nine doses, again every other week. Similar to the first phase of study 2, rapid activation of T, B, and NK cell subsets was observed ( Fig. 4 and fig. S8 , A and B). During the second phase of dosing, only a single viral blip was observed in one animal.
Motivated by the findings of study 1, SIV DNA was again quantified and showed a reduction in CD4 + memory T cells from all TLR7 agonisttreated rhesus macaques but a minimal change for control animals ( Fig. 6A ). Repeated TLR7 agonist dosing was associated with viral DNA reductions in the blood and tissues; this trend was not observed in control animals. The most significant decrease in SIV DNA was observed in either T TM or T EM subsets in most rhesus macaques treated with TLR7 agonists (Fig. 6B ). SIV DNA in T CM was variable in most TLR7 agonist-treated rhesus macaques; however, there was a reduction in this value measured in T CM from two animals. We then conducted a combined statistical analysis for all TLR7 agonisttreated rhesus macaques. Significant reductions in SIV DNA in both PBMCs (0.79 log median, P = 0.004) and GMMCs (0.33 log median, P = 0.027) were detected, and a trend toward significance in LNMCs was also observed (0.33 log median, P = 0.054; fig. S6 ).
Plasma IFN- concentrations were also analyzed in all animals from studies 1 and 2 ( fig. S3B ). In the first study, all four rhesus macaques treated with increasing doses of GS-986 had detectable plasma IFN- at 24 hours after each dose ( fig. S3A ). As expected, in the second study using reduced pharmacodynamic doses of the TLR7 agonists, only one animal [receiving GS-986 (0.1 mg/kg)] out of all nine TLR7 agonist-treated animals had appreciable plasma IFN- in the initial 10 doses. In the subsequent nine doses, after the 3-month rest period, there was transient but detectable induction of IFN-, with the greatest changes in animals receiving GS-986 (0.1 mg/kg) compared to the initial 10 doses ( fig. S3B ).
To confirm that the TLR7 agonists were eliciting biological activity in study 2, we evaluated expression of the IFN-stimulated gene (ISG) mRNAs ISG15, Mx1, and OAS1. All animals treated with a TLR7 agonist showed transient dose-dependent induction of all three ISG mRNAs (fig. S10). The peak induction of each ISG mRNA in the GS-986-and GS-9620 (0.15 mg/kg)-treated groups was observed within 24 hours. The GS-986-treated group showed the most robust induction of ISGs. However, these returned to baseline within 72 hours or before the next dose.
We also assessed the pattern of cytokine expression resulting from TLR7 agonist administration in both studies. In study 1, where animals received increasing IFN--inducing doses of GS-986, multiple plasma cytokines and chemokines were transiently produced after administration of the TLR7 agonist that were found to be proportional to dose. Peak production of cytokines and chemokines, with the exception of RANTES, was observed in most rhesus macaques within 24 to 48 hours after GS-986 dosing ( fig. S11A ). The most robustly induced plasma cytokine after TLR7 agonist treatment in this study was interleukin-1 receptor antagonist (IL-1RA), a marker of immune activation and regulation. IFN-inducible T cell  chemoattractant (I-TAC) was also readily inducible by each TLR7 dose. We observed an increase in the concentration of both IL-1RA and I-TAC 24 hours after each TLR7 agonist dose compared to baseline ( fig. S11, A and B) .
In study 2, we found that treatment with GS-986 or GS-9620 (0.15 mg/kg) transiently induced cytokines (or chemokines), but rhesus macaques receiving the lower GS-9620 dose (0.05 mg/kg) had very low or undetectable plasma cytokine concentrations, demonstrating that cytokine production was proportional to GS-9620 dose ( fig. S11C ). Consistent with study 1, IL-1RA and I-TAC were highly induced after TLR7 agonist treatment. In the subsequent nine doses, after the 3-month rest period, although there was weak induction of IL-1RA after each TLR7 dose, overall fold changes were decreased in animals receiving GS-986 (0.1 mg/kg) compared to the initial 10 doses (fig. S11D ).
To assess changes in the size of the inducible SIV reservoir longitudinally after TLR7 agonist treatment, we used a modified in vitro viral outgrowth assay (see Materials and Methods) amenable to the limitations in blood draw volumes for rhesus macaques. PBMCs were isolated from rhesus macaques before and after treatment, and LNMCs after treatment, and were activated in vitro using ConA. Six days after activation, SIV RNA was isolated from culture supernatants and quantified by reverse transcription polymerase chain reaction (RT-PCR).
We observed longitudinal reductions in the amount of reactivated SIV produced from PBMCs isolated from most TLR7 agonist-treated animals (Fig. 6C) . However, SIV RNA produced from control monkeys remained essentially unchanged over time. Two TLR7 agonist-treated animals 177-10 (GS-9620 0.15 mg/kg group) and 344-10 (GS-986 0.1 mg/kg group) were completely negative for ConA-induced SIV RNA induction in both PBMC and LNMC samples taken after the 10th and 19th TLR7 agonist dose, respectively (Fig. 6C) .
To assess whether these reductions in the cell-associated SIV reservoir were predictive of viral rebound, ART was discontinued for all study 2 animals. Rebound occurred in most rhesus macaques within 7 to 10 days of ART cessation (Fig. 6D) . Strikingly, the same two rhesus macaques, which were negative in both PBMCs and LNMCs for ConAinducible SIV, did not rebound. In both animals, plasma viremia has remained undetectable for more than 700 days after stopping ART. We also observed that two viremic rhesus macaques from TLR7 agonisttreated groups showed continual declines in their plasma viral RNA after day 100.
To address whether this absence of rebound viremia was a result of either immune control or reservoir clearance, we conducted a series of in vitro experiments. We first evaluated the development of anamnestic T cell responses after ART cessation by measuring the frequency of virusspecific cytokine-producing T cells on the day of ART release (day 0) and on days 35 and 177 after ART was halted. Rhesus macaques that had recrudescent viremia developed clear anamnestic SIV-specific T cell responses, whereas aviremic rhesus macaques did not respond to SIV peptide stimulation ( fig. S12) .
We next performed an in vitro viral outgrowth assay using PBMCs isolated at day 177 after ART cessation from two aviremic rhesus macaques (177-10 and 344-10) and also from two viremic animals (162-09 and 305-10) to serve as positive controls. After 6 days of stimulation, virus was readily detectable in PBMCs from viremic animals, yet animals 177-10 and 344-10 remained completely negative for SIV ( fig. S13A ). We next assessed whether SIV could be cultured from the PBMCs and initiate infection in CEMx174 cells in the absence of CD8 + T cells. We cocultured 1 × 10 6 CD8 + T cell-depleted PBMCs with 5 × 10 6 CEMx174 cells. Virus production in culture supernatants was monitored by RT-PCR of samples taken on days 5, 9, and 14 after coculture. We were unable to detect virus from PBMCs isolated from the two aviremic animals, whereas PBMCs from the two viremic rhesus macaques initiated viral replication in CEMx174 cells ( fig. S13B ).
To determine whether any replication-competent virus remained in our remission animals, we performed an in vivo antibody-mediated depletion of CD8 + lymphocytes in both aviremic rhesus macaques (177-10 and 344-10) and the two viremic rhesus macaques (288-10 and 295-10). After infusion, in vivo CD8 + lymphocytes were rapidly depleted in all rhesus macaques by 3 days after antibody treatment ( fig. S14 and Fig. 7A) , and CD8 + cells were completely cleared from the peripheral blood for at least 17 days. In the absence of CD8 + cells, the two viremic rhesus macaques displayed a rapid spike in plasma viral RNA. However, neither of the two aviremic animals had any detectable plasma virus at any point during CD8 + lymphocyte depletion (Fig. 7A) . Finally, to confirm whether the lack of detectable viremia in our remission animals was due to the clearance of replication-competent SIV or immune-mediated viral suppression, we performed adoptive cell transfer studies (see Materials and Methods). In two separate transfer experiments, we infused samples obtained before or after TLR7 treatment into four naïve rhesus macaques (n = 2 per group). In the first transfer, we used about 50 million frozen PBMCs and LNMCs obtained from each animal (that is, 177-10 and 344-10) after ART, just before TLR7 agonist treatment. PBMCs and LNMCs from each rhesus macaque in remission were combined and then infused into two naïve recipient macaques. This adoptive transfer readily initiated de novo infection by day 7 after transfer ( Fig. 7B) . In the second transfer, fresh PBMCs and lymph nodes from day 448 post-ART cessation were isolated within 2 hours of biopsy from the two macaques in remission (177-10 and 344-10). These fresh PBMC and LNMC mixtures from each aviremic animal were transfused into two naïve recipient macaques. Despite infusion of more than ~120 million fresh PBMCs and LNMCs from each aviremic rhesus macaque, we failed to initiate infection in either naïve recipient macaque (Fig. 7B) . The two recipient monkeys were monitored for 28 days after infusion, with no evidence of detectable viremia.
We next used modeling of viral dynamics to gain further insight into the effects of treatment with TLR7 agonists (fig. S15A ). We found no significant differences in either set point viremia or time to rebound between treatment and control animals in either study ( fig.  S15B ). However, examining the kinetics of rebound after ART cessation, we found that the TLR7 agonist-treated macaques that rebounded showed decreased viral reactivation rates (study 1, P = 0.03; study 2, P = 0.05; pooled, P = 0.01) and increased viral growth rates (P = 0.02, P = 0.05, and P = 0.03) compared to a pooled control group ( fig. S15, C and D) . A summary of the differences in rebound kinetics between treated and control rhesus macaques is shown in fig. S15 (E and F) . Our analysis suggested that TLR7 agonist treatment may have reduced the SIV reservoir even in animals that did rebound after ART cessation.
We also predicted the distribution of rebound times as a function of the reduction in the reservoir size, using a separate stochastic model of viral reactivation and rebound. Survival curves show the predicted percentage of animals that had not yet rebounded as a function of time after ART cessation ( fig. S15G ). For the two aviremic rhesus macaques, we used this model to estimate that the SIV reservoir had been reduced by more than 1400-fold by TLR7 agonist treatment (95% confidence interval, 110 to 32,000) and to explain a greater than 2-year delay in SIV rebound, assuming that reservoir reduction was the sole mechanism for control of any recrudescent viremia ( fig. S15H ). Given that CD8 + lymphocyte depletion did not lead to loss of viral control in these animals and that adoptive transfer of cells did not induce viremia in naïve recipients, we believe that this is reasonable. Furthermore, modeling of cumulative viral blip trajectories suggested that the viral blip sizes induced by TLR7 agonist treatment were compatible with meaningful reductions in the size of the latent SIV reservoir (that is, ~1% of all SIV DNA-positive cells became reactivated over the whole treatment course). Model fit parameters for individual animals are shown in fig. S16 . . SIV-infected rhesus macaques on ART were treated with vehicle (n = 2; red), GS-986 (0.1 mg/kg; n = 3; blue), GS-9620 (0.05 mg/kg; n = 3; purple), or GS-9620 (0.15 mg/kg; n = 3; black) over the 23 weeks of the study. Plasma viral RNA in vehicle-treated or TLR7 agonist-dosed animals is shown. Black arrows indicate the timing of each TLR7 agonist dose. The horizontal dotted line represents the limit of detection of plasma viremia, which was 50 SIV RNA copies/ml. Changes in SIV DNA between pre-and post-TLR7 treatment were compared using a Wilcoxon matched paired test. (C) Results of an ex vivo mitogen-stimulated virus production assay. PBMCs or LNMCs (post-19th dose only) were isolated from macaques before the administration of the first dose of TLR7 agonist (pre-TLR7) and then after the 10th and 19th doses of the TLR7 agonist (post-TLR7). Cells were grown in basal culture medium supplemented with 10 mM raltegravir, with or without concanavalin A (ConA; 5 g/ml) for 6 days. The number of SIV RNA copies/ml of supernatant on day 6 is shown. (D) SIV plasma RNA rebound kinetics in SIV-infected macaques after cessation of ART. The viral rebound kinetics after stopping ART were assessed in groups of animals treated with either vehicle control (n = 2; red), GS-986 (0.1 mg/kg; n = 3; blue), GS-9620 (0.05 mg/kg; n = 3; purple), or GS-9620 (0.15 mg/kg; n = 3; black). Log plasma virus RNA was assessed between days 1 and 210 after ART cessation.
DISCUSSION
We demonstrate in two independent rhesus macaque studies the ability of TLR7 agonist treatment to induce potent immune responses along with an increase in expression of select IFN-regulated antiviral genes and cytokines. Similarly, TLR7 agonist treatment induced transient viremia that was concurrent with immune activation in the SIV-infected rhesus macaques. Ultimately, the combination of TLR7 agonist-induced immune potentiation and transient viremia may have resulted in the observed reductions in the viral reservoir in our nonhuman primate model of HIV-1 latency. In these studies, we used a stringent animal model involving a pathogenic SIVmac251 isolate and excluded rhesus macaques with MHC alleles known to confer enhanced SIV control. We determined the proportion of rhesus macaques that could be expected to spontaneously control SIV after ART discontinuation. Not one case of spontaneous viral remission was observed by our group in MHC-defined (A*01-, B*08-, B*17-negative) animals that started ART relatively late (at day 65 after SIVmac251 infection) or even in groups of animals administered ART as early as day 3 after infection in which the SIV reservoir was much smaller (22) .
Despite the stringency of our SIV persistence macaque model, there are notable limitations to our study. Several practical considerations limited the number of rhesus macaques used for treatment and control arms; thus, the overall power to discriminate significance in certain analyses was reduced. SIV-infected animals on ART are similar, but certainly not identical, to HIV-infected patients on ART, with notable differences between SIV and HIV viruses and between macaque and human hosts. One important difference is that HIV-1 patients typically are maintained on potent ART regimens for much longer periods than were achieved in this study. These extended periods of ART treatment in human patients are expected to have an impact on the HIV-1 reservoir.
Our data show that TLR7 agonists exhibit biological effects in vivo that are consistent with the induction of transient viremia and SIV DNA reductions in most SIV-infected animals after TLR7 agonist treatment. However, the precise mechanisms by which these TLR agonists induce transient viremia remains to be fully defined. We have identified several biological correlates that identify this phenomenon, and we posit that these cytokine signatures, in concert with repeated TLR7 agonist-induced activation of CD4 + T cell memory subsets, may have led to the SIV RNA that we detected in the plasma.
Dosing with the TLR7 agonists was well tolerated throughout both studies. As each TLR7 agonist was orally dosed, exposure in the gut was expected to be higher, possibly leading to enhanced activation of CD4 + T cells in these tissues. Specifically, formulated TLR7 agonist absorption and its effects are expected to be proportionally higher in the gut, because both agonist compounds have high absorption properties in the gastrointestinal (GI) tract and show only moderate clearance rates during the first phase of hepatic metabolism. Although these properties limit systemic exposure of TLR7 agonists after oral administration, they enhance drug exposure in the GI tract and the liver (18, 19, 24) . Therefore, it is not surprising that the effects of these agonists appeared to be enhanced in the gut, as observed in the reduction of SIV DNA in CD4 + T cells from GMMCs. This latter observation was also consistent with the increases in IL-1RA observed after each TLR7 agonist treatment, signifying high cellular activation in the gut. Thus, it seems plausible that a proportion of the viremia that was detected after TLR7 agonist treatment may have arisen, at least initially, from the gut compartment. Unfortunately, our sequence analysis could not discriminate a tissue-specific SIV sequence to confirm this possibility. However, the modulation of IL-1RA in both studies may have been broadly concordant with the enhanced clearance of provirus from the GMMCs in most animals and particularly those receiving higher TLR agonist doses.
We also observed a strong association between expression of I-TAC (CXCL11) and the induction of transient viremia as well as the observed immune activation and presumed effector recruitment to multiple (reactivated) sites of infection, including the lymph nodes (25) . In this context, I-TAC may also serve as a signature or "trigger" cytokine for the induction of transient viremia. A positive correlation has been observed between the GS-9620-induced peak of IP-10 (CXCL10), I-TAC (CXCL11), and SIV reactivation. However, we cannot discount the role of other innate and adaptive mediators potentiated by TLR7 agonist treatment in the induction of viremia. These same responses may have aided the clearance of reactivated SIV-infected cells. These biological effects of TLR7 agonists appear to be consistent with the potential to reduce viral DNA during ART, although complete remission was observed only in a subset of animals after ART discontinuation. In the two aviremic rhesus macaques, it is noteworthy that durable remission was only achieved with a complete clearance of in vitro inducible virus from both the PBMCs and LNMCs. Animals that had otherwise displayed reservoir reductions in the blood, lymph nodes, or gut, but had inducible SIV in the lymph nodes, recrudesced once ART was discontinued. These "rebounder" observations were predicted based on our modeling analysis. However, many of the TLR7 agonist-treated rhesus macaques that exhibited viral rebound also showed longitudinal reductions in viral set point, potential evidence of a therapeutic effect.
A detailed assessment of the virological and immunological differences between viremic rhesus macaques and rhesus macaques in remission after TLR7 agonist administration revealed significant reductions in SIV DNA in T CM and T TM populations from PBMCs and T CM from LNMCs. These SIV DNA reductions in memory T cell subsets were concurrent with increases in I-TAC production during TLR7 agonist doses 1 to 10 and with proportional increases in mRNA expression of ISG15 and Mx1. Although these ISGs were induced in all rhesus macaques after TLR7 agonist treatment (in a dose-response manner), increased expression of both ISG15 and Mx1 was noted in the rhesus macaques that ultimately became aviremic.
Our model predictions of cumulative viral reactivation events suggested that repeated episodes of transient viremia induced by TLR7 agonist treatment were consistent with the observed reductions in the latent SIV reservoir and help to explain the now greater than 24-month period of undetectable SIV in two rhesus macaques. This prediction assumes that reservoir reduction is the sole mechanism for lack of recrudescent viremia. The possibility of this being the case is partially corroborated by several observations favoring SIV clearance as the dominant mechanism over immunological suppression of SIV. First, remission animals exhibited no SIV-specific cellular immune responses after release from ART. Second, long-term CD8 + T lymphocyte depletion did not result in any recrudescent viremia. Third, the adoptive transfer of cells (PBMCs and LNMCs) from aviremic rhesus macaques did not induce viremia in naïve rhesus macaque recipients. Fourth, neutralizing antibodies could have afforded some level of immunological control, but the antibody profiles evaluated had waned to undetectable levels in most animals during ART, as expected (26) . Neutralizing antibodies were also assessed at various times after ART release, and neither of the two remission rhesus macaques mounted any detectable neutralizing antibody responses after ART cessation. Finally, a sustained viral remission of greater than 2 years, absent ART, and an immune correlate of control could only be sustained by a near-complete clearance of all of the replication-competent viral reservoir. Therefore, we believe our assumption favoring SIV reservoir reduction is reasonable but requires additional confirmatory experimentation. In conclusion, these findings support the further evaluation of TLR7 agonists for their impact on the SIV and HIV viral reservoir eradication.
MATERIALS AND METHODS

Study design
These experiments were designed to investigate whether the administration of TLR7 agonists could perturb an established latent viral reservoir in SIV-infected rhesus macaques on ART. Twenty-one Indian-origin, outbred, young adult, male, specific pathogen-free rhesus macaques (Macaca mulatta) that did not express the class I alleles Mamu-A*01, Mamu-B*08, and Mamu-B*17 associated with enhanced virus control were housed at BIOQUAL Inc. (27) (28) (29) . Animals used for the studies were infected using a repeated low-dose intrarectal challenge with the SIVmac251 strain. Animals were assigned to individual study arms to balance the following parameters across groups: pre-ART viral burden, SIV viral load at ART initiation, CD4
+ and CD8 + T cell counts, CD4 + /CD8 + T cell ratio, and animal weights. The preformulated ART cocktail contained two reverse transcriptase inhibitors, TFV (20 mg/ml) and FTC (50mg/ml), plus the integrase inhibitor DTG (2.5 mg/ml). This ART cocktail was administered once daily at 1 ml/kg body weight via the subcutaneous route as described. The TLR7 agonists GS-986 and GS-9620 were provided by Gilead Sciences. All TLR7 agonist preparations were endotoxin-free. Various formulated concentrations of GS-986 or GS-9620 were administered to macaques every other week at the dose concentrations described. Macaques were bled up to four times per week to assess immunological parameters or viral RNA. Tissues including lymph node and colorectal mucosa were biopsied before, and after the last dose, of the TLR7 agonists to measure cell-associated provirus. Two weeks after the last dose, ART was discontinued in all groups to monitor viral rebound.
We included all animals in all analyses. Technical staff were blinded during data acquisition and unblinded for data analysis. With 21 macaques used in this study, we had at least 80% statistical power with one-sided type I error of 5% to detect an effect (measurable viral reactivation and alteration from an established baseline of SIV reservoir in blood and tissues) of 80% or greater in animals tested. The animal studies described were approved by the appropriate Institutional Animal Care and Use Committee. , and CD28 and CD95 were used to define subsets (33) . CD69 was measured as a percent of lymphocyte population of interest. CD38 was measured as the geometric mean fluorescence (GMF) of the total cell population of interest. To account for any technical fluctuations in fluorescence, CD38 GMF was normalized by dividing by the background CD38 [phycoery thrin (PE)] GMF of a CD38-negative population in the corresponding sample.
Lymphocyte staining and analysis
Proviral DNA assays
Lymph node and GI mucosal biopsies were processed as single-cell suspensions essentially as previously described (22) . Tissue-specific proviral DNA was quantitated as previously reported (34) . Total cellular DNA was isolated from 5 × 10 6 cells using a QIAamp DNA Blood Mini kit (Qiagen). The absolute quantification of viral DNA in each sample was determined by quantitative PCR (qPCR) using primers specific to a conserved region (SIVmac239). All samples were directly compared to a linear virus standard and the simultaneous amplification of a fragment of human GAPDH gene. The sensitivity of linear standards was compared against the 3D8 cell line as a reference standard as described (35) . All PCR assays were performed with 100 and 200 ng of sample DNA.
CD4
+ T cell memory subset sorting Cryopreserved samples of PBMC, lymph node, and colorectal biopsies were thawed at 37°C in RPMI 1640 containing 10% fetal bovine serum (FBS) and benzonase (Millipore) at 50 U/ml. Cells were resuspended in 1× phosphate-buffered saline (PBS) containing LIVE/DEAD Fixable Aqua Dead Cell Stain (Life Technologies) for 20 min at room temperature in the dark. Cells were washed and resuspended in wash buffer containing the following fluorescently conjugated antibodies: CD45 (D058-1283), CD28 (CD28.2, Beckman Coulter), CD4 (L200), CCR7 (3D12), CD95 (DX2), CD3 (SP34-2), and CD8 (SK1 . All antibodies are from BD Biosciences unless otherwise indicated. In study 1, sorted memory populations were pooled into a single memory population and subject to proviral DNA analyses due to limiting cell numbers.
Virus sequencing
Virus sequencing of SIV recovered from plasma "blips" was performed essentially as described (23) . Viral complementary DNA (cDNA) was diluted in 96-well plates to yield fewer than 30% wells positive for amplification to ensure that positive amplifications were a result of a single cDNA. Amplicons from cDNA dilutions resulting in less than 30% positive wells were sequenced at the Dana-Farber/Harvard Cancer Center DNA Resource Core. Raw cDNA sequence data were assembled using Gene Codes Sequencher 4.8 DNA sequencing software. All assembled sequence contigs were manually corrected for individual ambiguous nucleotide errors and further quality-controlled to exclude any amplicons derived from multiple templates. Nucleotide alignments were made using the Gene Cutter algorithm as described below (www. hiv.lanl.gov/content/sequence/GENE_CUTTER/cutter.html).
Viral phylogenetic analysis
The gag and env codon sequence alignments were manually reviewed after automatic alignment with Gene Cutter (www.hiv.lanl.gov/content/ sequence/GENE_CUTTER/cutter.html). Sequences were stratified by macaque, and BioPerl (v1.006924) inferred a founder consensus sequence from plasma-derived variants sampled before treatment. A test for homogeneous infection, based on a null model of random sequence evolution in acute infection, compared the distribution of Hamming distances among sequences sampled from plasma before ART for a Poisson distribution (36, 37) . The Hypermut utility (v2; www.hiv.lanl.gov/content/sequence/HYPERMUT/hypermut.html) identified sequences enriched for APOBEC-induced hypermutations relative to the founder reference sequence. For each animal, PhyML (v3) computed a phylogeny using the GTR nucleotide substitution model (38) and a four-category discrete approximation to a gamma distribution of evolutionary rates across sites, with an additional term for invariant sites (39) . Parameters were inferred by maximum likelihood jointly with tree topology optimization with the resulting trees rooted on founder sequences. Newick Utilities (v1.6) summarized evolutionary distances to the founder sequence and omitted the sequences that exactly matched the founder by pruning from the tree. Trees were similarly pruned to show quasispecies development by cumulative stratification into groups sampled before, before/ during, and before/during/after treatment. The R package ape rendered trees (v3.4).
Ex vivo virus outgrowth assay
PBMCs were isolated using a Ficoll-Hypaque density gradient and then resuspended at 2.0 × 10 6 cells/ml in RPMI 1640 medium supplemented with 10% heat-inactivated FBS, penicillin, streptomycin, and 100 nM raltegravir. PBMCs were then seeded into culture plates at 4 × 10 6 cells per well with or without ConA stimulation. Cell cultures were then incubated at 37°C in a humidified 5% CO 2 atmosphere for 6 days. After 6 days in culture, cell-free supernatant was collected for the measurement of SIV RNA by qRT-PCR.
In vitro coculture with CEMx174 cells CD8 + T cells were depleted from freshly ficolled PBMCs using Miltenyi's CD8 Microbead Kit for nonhuman primates according to the manufacturer's instructions and quantified using the flow cytometry-based cell counter Guava easyCyte (EMD Millipore). CEMx174 cells (5 × 10 6 ) were incubated at 37°C with 1 × 10 6 CD8 + T cell-depleted PBMCs in 3 ml of culture medium for 48 hours. Culture medium was added to up to 10 ml on day 3, and cells were split twice per week.
In vivo CD8
+ lymphocyte depletion Rhesus macaques were depleted of CD8 + lymphocytes (CD8 + T cells and NK cells) using the monoclonal antibody MT807R1 (Nonhuman Primate Reagent Resource) as previously described (40) using the following dosing schedule: on day 0, 10 mg/kg was delivered subcutaneously, and on days 3, 7, and 10, 5 mg/kg was delivered intravenously. CD4 and CD8 lymphocytes were monitored twice weekly for the first 3 weeks and then weekly for the remaining monitoring period. Whole blood was stained with the antibodies CD4-PerCP-Cy5.5 (L200, BD Biosciences), CD8-PE (DK25, Dako), and CD3-APC (SP34.2, BD Biosciences). The anti-CD8 antibody clone DK25 has been previously determined to not be blocked by bound MT807R1 (41) . Red blood cells were lysed using a TQ-Prep (Beckman Coulter), fixed in 2% formaldehyde, acquired on a FACSCalibur (BD Biosciences), and analyzed using FlowJo Software. Complete blood counts (CBCs) were analyzed on a Siemens ADVIA 120. Frequencies of CD8 + lymphocytes per volume blood were calculated using the percent CD8 + lymphocytes, determined by flow cytometry, and the frequencies of total lymphocytes, determined by the CBC.
In vivo adoptive cell transfer
For adoptive transfer experiments, fresh or frozen PBMCs and LNMCs were used. For adoptive cell transfer before TLR7 agonist dosing, frozen PBMCs and LNMCs were used. For samples after therapy, fresh PBMCs and LNMCs were isolated from two remission rhesus macaques (at day 445 after ART stop). Cells were washed three times in PBS and then infused into naïve rhesus macaques by the intravenous route.
Two rhesus macaques received either total 5.1 × 10 7 or 5.9 × 10 7 of cell infusions (before TLR7 agonist treatment), and the other two rhesus macaques received infusions of approximately 120 million cells (isolated on day 445 after ART stop).
Intracellular cytokine staining
Measurement of IFN- on CD4 + and CD8 + T cells from fresh and cryopreserved PBMCs cells was performed as previously described (42) . Thawed PBMCs were rested at 37°C for 4 hours before stimulation. About 3 × 10 6 cells were stimulated with either dimethyl sulfoxide alone (unstimulated) or overlapping peptide pools (2 g/ml) covering the entire SIVmac239 Gag protein (National Institutes of Health AIDS Reagent Program, catalog no. 6204) and anti-CD49d antibodies (1 g/ml; BD Biosciences). The following conjugated antibodies and staining reagents were used for surface staining: CD4 (L200), CD95 (DX2), CD28 (L293), CD8 (SK1), and LIVE/DEAD Fixable Yellow Dead Cell Stain (Invitrogen). The following conjugated antibodies were used during intracellular staining: CD3 (SP34-2), IFN- (B27), and CD69 (TP1.55.3, Beckman Coulter). All antibodies are from BD Biosciences unless indicated otherwise. Value of percent IFN--positive cells in unstimulated samples was subtracted from the corresponding value of stimulated samples.
Statistical analyses
Analyses of virological or immunological data at study entry were performed using Wilcoxon signed-rank tests. Transformed log 10 SIV RNA copies/ml of plasma were calculated using GraphPad Prism (version 6.0). Comparisons of grouped variables and changes in values after treatment within groups were analyzed using a Wilcoxon signed-rank test and a Wilcoxon matched pairs signed-rank test, respectively. P values were adjusted for multiple comparisons when more than two groups were compared. Changes in cytokine and chemokine concentrations in plasma after TLR7 agonist treatment and its significance were displayed using a volcano plot. R package (version 3.3.0) was used to generate heat maps. Power calculations and two-sample t test for equality of proportions with continuity correction were conducted using G*Power software (www.gpower.hhu.de).
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